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5.  Introduction 

Systemic  therapy  of  human  malignancies  depends  upon  differential  toxic  effects  on 
malignant  and  normal  cells.  Unfortunately,  traditional  cancer  therapeutic  agents,  including 
chemotherapy  and  radiation  treatment,  cannot  distinguish  between  normal  cells  and  tumor 
cells  and  hence  damage  and  kill  normal  proliferating  tissues.  Therefore  a  major  goal  of  cancer 
research  has  been  development  of  drugs  to  specifically  kill  tumor  cells.  To  achieve  this  goal, 
researchers  have  attempted  to  identify  cell  surface  markers  on  tumors  that  are  qualitatively  or 
quantitatively  different  from  normal  cells.  These  tumor  markers  could  provide  the  needed 
specificity  for  cancer  therapy  and  form  the  basis  of  diagnostic  and  prognostic  tests.  Tumor 
specific  markers  include  B-cell  idiotypes  (1,  2)  and  components  of  epithelial  core  mucins  (3). 
Quantitatively  different  tumor  associated  markers  include  epidermal  (EGFR)  and  vascular 
endothelial  cell  growth  factor  receptors(VEGFR)(4-7). 

5.1.  Role  of  growth  factor  receptors  in  normal  and  aberrant  cell  growth 

Receptors  located  in  the  cell  membrane  permit  communication  between  cells  and  thus 
are  arguably  the  most  important  molecules  in  the  signal  transduction  pathway.  Receptors  with 
intrinsic  tyrosine  kinase  activity  mediate  diverse  biological  responses  by  binding  growth  factors 
and  hormones  termed  ligands.  In  healthy  tissue,  a  ligand  dependent  change  in  the  oligomeric 
structure  of  the  receptor  turns  these  extracellular  binding  events  into  an  intracellular  signal, 
elevated  kinase  activity  (reviewed  in  refs.  (8-10)).  Monomeric  ligands,  such  as  epidermal 
growth  factor  (EGF),  cause  dimerization  by  inducing  a  conformational  change  in  the  receptor 
that  stabilizes  its  active  dimeric  form.  Bivalent  ligands  mediate  dimerization  by  crosslinking 
neighboring  receptors.  Accordingly,  bivalent  antibodies  have  been  used  to  promote  receptor 
dimerization  by  crosslinking  neighboring  receptors  (11-13).  Alternatively,  overproduction  of 
receptors  promotes  spontaneous  dimerization  (9,  14,  15)  such  that  a  cominon  cellular  lesion 
found  in  human  cancers  results  from  receptor  overproduction  and  autocrine  activation  (15). 
Overexpression  of  growth  factor  receptors  has  been  reported  on  breast,  prostate,  ovarian, 
bladder,  pancreatic  and  lung  cancers  (4-7). 

5.2.  Role  of  ErbB  family  of  receptors  in  malignant  transformation 

The  epidermal  growth  factor  (EGF)  family  consists  of  four  (ErbB,  ErbB2,  ErbB3,  and 
ErbB4)  185  kDa  protein  tyrosine  receptors  whose  prototype  is  the  EGF  receptor  (ErbB).  These 
receptors  consist  of  a  650  amino  acid  extracellular  domain  (ECD)  with  two  characteristic 
cysteine-rich  regions,  a  single  transmembrane  domain  and  an  intracellular  kinase  domain. 
Members  of  this  family  have  been  implicated  more  than  other  growth  factor  receptors  in  the 
development  of  human  adenocarcinomas.  Increased  expression  of  the  EGF  receptor  (ErbB)  and 
ErbB2  have  been  associated  with  aggressive  tumors  of  the  stomach,  bladder,  lung  and  breast. 
20%  of  breast  cancers  are  malignant  by  virtue  of  their  abnormally  high  expression  of  EGFR  and 
overexpression  correlates  with  aggressive  cancer  and  poor  prognosis  (6, 16, 17).  Overexpression 
of  either  EGFR  or  ErbB2  correlates  with  poor  prognosis  (6, 14, 16-18).  Moreover,  data  from 
numerous  studies  suggest  that  EGFR  family  members  may  participate  in  a  complex  yet  flexible 
network  of  signal  transduction  by  forming  heterodimers  between  family  members  (19-21). 
These  heterodimers  may  form  even  when  only  one  receptor  binds  its  ligand.  Alternatively, 
cooperative  signaling  may  explain  why  a  specific  ligand  has  not  been  identified  which  activates 
ErbB2.  Cooperative  signaling  appears  to  play  an  important  role  in  neoplastic  transformation. 

5.3.  EGFR  as  a  target  for  cancer  therapy 

Drugs  which  inhibit  dimerization  by  members  of  the  EGF  family  of  receptors  would 
have  tremendous  potential  for  arresting  the  growth  of  breast  cancer.  For  example,  Genentech 
Inc.  has  developed  a  humanized  murine  monoclonal  antibody  (Herceptin)  which  specifically 
inhibits  proliferation  of  human  tumor  cells  overexpressing  ErbB2.  This  antibody  is  entering 
now  an  approved  drug  for  breast  cancer  therapy  (22).  However  many  morphological  and 
physiological  features  limit  the  accessibility  of  antibodies  to  tumors  (23,  24)  such  that  less  than 
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0.01%  of  the  injected  antibody  is  localized  in  patients'  tumors  (25,  26).  Thus  development  of 
small  molecule  inhibitors  of  EGFR  extracellular  domain  (BCD)  dimerization  have  greater  long 
term  promise  for  cancer  therapy. 

The  traditional  approach  of  screening  chemical  libraries  for  small  molecule  drug 
discovery  has  not  yielded  ErbB  ECD  dimerization  antagonists.  However,  structure  based  drug 
design  has  led  to  promising  new  drugs  (reviewed  in  refs.  (27-31)).  For  example,  knowledge  of 
the  three-dimensional  structure  of  HIV  protease  has  led  to  structure  based  desi^  of  protease 
inhibitors  (32).  Structure  based  receptor  oligomerization  inhibitors  have  also  been  identified  (33- 
36).  The  feasibility  of  blocking  ErbB  ECD  oligomerization  is  also  evident  from  naturally 
occurring  point  mutations  that  abolish  receptor  dimerization  and  lead  to  a  loss  of  function  (37, 
38).  Taken  together,  these  findings  support  the  hypothesis  that  structure  based  drugs  can  block 
EGFR  receptor  dimerization  to  arrest  growth  of  breast  carcinomas. 

5.4.  The  atomic  structure  of  the  EGFR  extracellular  domain  (ECD) 

Knowledge  of  the  atomic  structure  of  EGFR  ECD  would  permit  achievement  of  our  goal 
of  identifying  small  molecule  EGFR  dimerization  antagonists  capable  of  arresting  cancer 
growth.  For  this  work,  we  proposed  to  initiate  work  to  determine  the  atomic  structure  of  ErbB 
ECD  by  X-ray  crystallography.  Determination  of  the  structural  basis  for  ErbB  dimerization  is  an 
essential  step  towards  understanding  the  mechanism  by  which  growth  factor  overexpression 
leads  to  unregulated  growth.  Insights  gained  into  the  mechanism  of  dimerization  and  signal 
transduction  by  analysis  of  the  ErbB  ECD  structure  may  also  be  applicable  to  other  members  of 
the  EGF  family  of  receptors.  As  detailed  above,  solving  the  structure  of  EGFR  ECD  has 
tremendous  translational  potential  for  development  of  cancer  therapy.  Difficulties  with 
conventional  approaches  include  obtaining  diffraction  quality  crystals  and  phase  inforination. 
Obtaining  crystals  is  frequently  inhibited  by  heterogeneity  and  molecular  flexibility  which  are 
likely  to  be  hindrances  with  the  large  EGFR  ECD  glycoprotein.  Another  potential  difficulty  is 
finding  suitable  heavy  atom  derivatives  which  only  occupy  a  limited  number  of  sites  and  that 
do  not  cause  major  changes  in  the  crystal  unit  cell  dimensions.  Our  approach  would  use 
antibodies  to  obtain  crystals  by  minimizing  the  molecular  flexibility  of  EGFR  ECD.  Antibodies 
would  also  overcome  the  second  difficulty  with  conventional  approaches  by  allowing  the 
introduction  of  a  target  for  a  limited  number  of  heavy  atom  labels. 

5.5.  Purpose  of  the  present  work  and  methods  of  approach 

Overproduction  of  EGFR  on  breast  tissue  leads  to  spontaneous  EGFR  ECD  dimerization 
and  rapid  uncontrolled  growth  characteristic  of  tumor  cells.  Structure  determination  of  EGFR 
ECD  is  the  essential  first  step  towards  our  goal  to  discover  small  molecules  which  inhibitor  of 
EGFR  ECD  dimerization  and  tumor  growth.  We  proposed  to  identify  the  EGFR  ECD  dimer 
interface  by  analyzing  the  atomic  resolution  structure  of  EGFR  ECD.  Our  novel  approach  uses 
recombinant  antibody  fragments  as  tools  to  promote  EGFR  dimerization  and  to  overcome  the 
difficulties  that  have  hindered  structure  determination  of  EGFR  thus  far.  These  obstacles 
include  obtaining  diffraction  quality  crystals  and  phase  determination.  To  overcome  these 
impediments,  EGFR-antibody  co-crystals  will  be  grown.  The  antibodies  will  also  be  used  as 
tools  to  promote  receptor  homo  and  heterodimerization  to  understand  the  complex  role  of 
receptor  heterodimerization  in  signal  transduction  by  the  EGF  family  of  receptors. 

The  proposed  technical  objectives  in  the  statement  of  work  were: 

Task  1:  Overexpress  and  purify  EGFR. 

Task  2:  Isolate  and  identify  recombinant  antibodies  which  promote  EGFR  dimerization 

Task  3:  Use  recombinant  antibody  fragments  to  mediate  EGFR  crystallization 

Task  4:  Obtain  atomic  resolution  structural  information  on  EGFR-diabody  co-crystals 

Task  5:  Construct  heterodimeric  bifunctional  diabodies  capable  of  binding  EGFR  and  ErbB2 
ECDs  and  evaluate  the  role  of  receptor  heterodimerization  in  rmregulated  cell  growth 
and  signaling. 
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6.  Body  of  report 

6.1  Overexpresss  and  purify  EGFR 

A  stable  CHO  cell  line  expressing  the  EGFR  extracellular  domain  (ECD)  was  obtained 
from  Sugen.  The  cell  line  was  grown  in  continuous  culture  in  a  CellMax  in  F12  media 
supplemented  with  5%  calf  serum  and  supernatant  containing  EGFR  ECD  intermittently 
harvested  from  the  CellMax.  The  EGFR  ECD  was  purified  on  Concanavalin  A  with  elution 
using  20  mM  Hepes,  pH  7.5,  2%  glycerol  and  0.5  M  methyl-a-pyranoside.  Eluate  was 
concentrated  using  a  Centricon  and  loaded  onto  a  MonoQ  column  and  eluted  with  a  Hepes  pH 
7.5  gradient.  After  concentration,  the  EGFR  ECD  was  >  95%  pure  as  judged  by  SDS-PAGE. 

6.2  Isolation  and  characterization  of  human  anti-EGFR  antibodies  from  phage  display 

libraries 

To  generate  a  panel  of  EGFR  antibodies,  non-immune  phagemid  (32)  and  phage  (33) 
antibody  libraries  were  selected  on  recombinant  purified  EGFR  ECD.  After  2  to  3  rounds  of 
selection,  between  20  %  and  90%  of  clones  analyzed  bound  EGFR  ECD  by  ELISA.  The  number 
of  unique  antibodies  was  determined  by  PCR  fingerprinting  followed  by  DNA  sequencing, 
resulting  in  the  identification  of  62  unique  antibodies.  Each  of  these  antibodies  was  expressed 
and  purified  and  analyzed  for  binding  to  EGFR  expressing  cells  and  EGFR  negative  cells  to 
identify  those  antibodies  capable  of  binding  native  EGFR  as  expressed  on  the  cell  surface.  This 
screening  revealed  that  30  of  the  62  antibodies  bound  EGFR  positive  cells  but  not  EGFR 
negative  cells. 

To  generate  additional  EGFR  antibodies  capable  of  intracellular  drug  delivery,  a  non- 
immime  phagemid  library  was  directly  selected  on  EGFR  expressing  cells.  The  approach  used, 
in  fact,  selects  for  antibodies  that  not  only  bind  to  EGFR  expressing  cells  but  bind  in  a  way  that 
triggers  receptor  mediated  endocytosis  of  the  antibody.  This  selection  is  accomplished  by  first 
incubating  phage  antibodies  with  EGFR  expressing  cells  at  37°C  for  30  minutes  and 
subsequently  removing  phage  remaining  on  the  cell  surface  by  washing  the  cells  extensively 
with  low  pH  glycine  buffer.  Endocytosed  phage  antibodies  are  then  recovered  by  lysis  of  the 
target  cells.  Phage  antibodies  are  then  amplified  and  the  selection  process  is  repeated.  Using  a 
model  system  employing  an  ErbB2  antibody,  we  previously  demonstrated  that  phage 
antibodies  can  be  endocytosed  in  a  receptor  dependent  manner  and  that  such  endocytosed 
phage  could  be  recovered  from  the  cytosol  and  amplified  (34).  We  also  reported  the  successful 
application  of  this  approach  to  generate  internalizing  antibodies  to  ErbB2  (35).  One  of  these 
antibodies  (F5)  was  efficiently  endocytosed  into  ErbB2  expressing  cells  and  was  shown  to  be 
effective  in  delivering  liposomes  containing  a  fluorescent  dye  or  the  chemotherapeutic  agent 
doxorubicin.  Such  antibodies  are  ideal  for  intracellular  delivery  of  drugs  to  cancer  cells  for 
therapy.  For  example,  we  have  shown  in  multiple  mouse  xenograft  models  that  F5  ErbB2 
targeted  liposomal  doxorubicin  (F5  immunoliposomes,  F5-ILs)  has  significant  anti-tumor 
activity  to  an  extent  significantly  greater  than  untargeted  liposomal  doxorubicin.  Based  on  pre- 
clinical  data,  the  National  Cancer  Institute  (NCI)  Decision  Network  elected  to  support  clinical 
development  of  F5  ILs.  To  facilitate  this,  expression  and  purification  of  the  F5  scFy  antibody 
has  been  scaled  to  the  SOL  scale  in  a  cGMP  process  at  the  NCI  Monoclonal  Antibody  and 
Recombinant  Protein  (MARP)  facility  at  Frederick  MD.  Toxicology  studies  and  a  phase  1 
clinical  trial  are  anticipated  in  early  2002. 

To  generate  internalizing  antibodies  to  EGFR  capable  of  intracellular  delivery  of 
liposomes,  a  non-immune  phage  library  was  selected  for  endocytosis  into  either  Chinese 
Hamster  Ovary  (CHO)  cells  transfected  with  the  EGFR  gene  or  into  A431  tumor  cells  which 
overexpress  EGFR  (see  Heitner  et  al,  ref  36  and  appendix  1).  To  remove  antibodies  binding 
common  cell  surface  antigens,  the  library  was  incubated  with  CHO  cells  prior  to  selection  After 
3  rounds  of  selection  on  A431  cells,  10/94  clones  analyzed  bound  recombinant  EGFR.  After  3 
rounds  of  selection  on  CHO  cells  transfected  with  the  EGFR  gene,  4/282  clones  bound 
recombinant  EGFR  (Table  1,  Heitner  et  al.).  PCR  fingerprinting  and  DNA  sequencing  revealed 
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2  unique  antibodies  from  the  A431  selections  and  2  unique  antibodies  from  the  transfected  CHO 
selections.  One  of  these  antibodies  was  common  to  both  selections,  yielding  a  total  of  3  unique 
EGFR  antibodies.  To  determine  whether  the  monoclonal  antibodies  boimd  native  EGFR  as 
expressed  on  cells,  phage  and  native  scFv  antibody  were  prepared  from  each  of  the  three 
uruque  antibodies  and  used  to  stain  cells  which  were  analyzed  by  flow  cytometry.  Each  of  the 
antibodies  stained  EGFR  expressing  cells  {A431,  MDA-MB-468  and  CHO  cells  transfected  with 
the  EGFR  gene)  but  not  EGFR  negative  cells  (CHO  cells  and  MDA-MB-453  cells)  both  as  phage 
and  as  native  scFv  (Figure  3  and  4,  Heitner  et  al).  The  binding  constants  of  the  E12  antibody  for 
EGFR  was  determined  on  A431  and  MDA-MB-468  cells  and  determined  to  be  217  nM  and  300 
nM  respectively.  The  ability  of  the  antibodies  to  trigger  EGFR  mediated  endocytosis  was 
determined  both  for  the  phage  antibodies  as  well  as  for  native  scFv.  After  incubation  of  EGFR 
expressing  and  EGFR  negative  cells  with  phage  antibodies  or  native  scFv,  cells  were  fixed, 
surface  phage  or  scFv  removed  with  low  pH  glycine  and  intracellular  phage  detected  with  anti- 
M13  antibodies  and  intracellular  scFv  detected  with  an  antibody  to  a  C-terminal  epitope  tag. 
Both  phage  antibodies  and  native  scFv  were  efficiently  endocytosed  into  EGFR  expressing  cells 
but  not  into  EGFR  negative  cells  (figure  5  and  6,  Heitner  et  al.).  To  determine  the  ability  of  the 
scFv  to  deliver  a  drug  into  EGFR  expressing  cells,  immunoliposomes  were  constructed  by 
inserting  the  E12  scFv  into  the  surface  of  liposomes  containing  the  fluorescent  dye  HPTS. 
Strong  intracellular  fluorescence  was  observed  for  EGFR  expressing  cells,  but  no  fluorescence 
was  observed  for  EGFR  negative  cells  (figure  5  and  6,  Heitner  et  al.).  The  results  expanded  the 
utility  of  this  antibody  selection  methodology  to  transfected  cell  lines.  Thus  one  route  to 
generating  internalizing  antibodies  to  a  known  receptor  would  be  to  transfect  the  gene  into  a 
host  cell  and  use  the  transfected  cell  for  selection. 

We  are  in  the  process  of  constructing  doxorubicin  containing  ILs  using  the  E12  scFv  and 
will  evaluate  these  in  a  xenograft  model  for  anti-tumor  activity.  Similarly,  we  are  screening 
scFv  described  above  selected  on  recombinant  EGFR  for  ability  to  trigger  receptor  mediated 
endocytosis.  Antibodies  which  are  efficiently  endocytosed  will  be  screened  to  identify  the 
highest  expresors  and  these  will  also  be  evaluated  for  anti-tumor  activity  in  vivo.  It  is  our  intent 
to  generate  an  EGFR  immimoliposome  from  one  of  these  scFv  and  develop  it  for  a  phase  1 
clinical  trials  in  EGFR  expressing  cancers  as  we  have  done  for  ErbB2  expressing  cancers  (see 
above). 

6.3  Crystallize  recombinant  EGFR 

Conditions  were  extensively  screened  to  identify  those  conditions  capable  of  mediating 
EGFR  crystallization  and  then  refined  using  additives.  Conditions  were  identified  which  gave 
small  crystals  of  several  different  morphologies  (both  in  the  presence  and  absence  of  EGF). 
These  crystals  were  evaluated  with  respect  to  diffraction  (6.4  below). 

6.4  Obtain  atomic  resolution  structural  information  on  EGFR 

Multiple  crystals  morphologies  were  investigated  for  their  ability  to  diffract  in  the  X-ray 
beam.  Unfortunately,  none  of  the  crystal  morphologies  diffracted  to  high  resolution.  This 
included  those  crystals  generated  by  co-crystallization  with  EGF  or  with  the  EGFR  binding  scFv 
E12.  Pursuit  of  the  crystallographic  aspect  of  the  project  was  hindered  by  the  illness  of  the 
original  Principal  Investigator  (Dr.  Cara  Marks)  during  the  last  1.5  years  of  the  grant, 
necessitating  increased  involvement  of  Dr.  James  Marks  in  the  project..  The  original  P.I.  (Dr. 
Cara  Marks)  subsequently  passed  away  and  Dr.  James  Marks  became  the  P.I.  of  the  grant.  As  a 
result,  emphasis  was  put  on  the  generation  and  characterization  of  EGFR  antibodies  with 
therapeutic  potential  (section  6.2  above)  consistent  with  the  expertise  of  the  new  P .1. 

6.5  Construct  heterodimeric  bifunctional  diabodies  capable  of  binding  EGFR  and  ErbB2 

ECDs 

A  heterodimeric  diabody  was  constructed  from  the  EGFR  scFv  E12  Vh  and  Vl  genes  and 
from  the  ErbB2  scFv  C6.5.  Expression  levels  of  the  diabody  from  E.  coli  were  too  low  to 
generate  adequate  diabody  for  in  vitro  evaluation.  As  a  result,  a  fermentation  expression 
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system  was  developed  which  fuses  a  C-terminal  cysteine  to  the  scFv.  This  allows  fermentation 
of  individual  scFv  with  a  C-terminal  cysteine.  The  scFv  can  then  be  conjugated  to  each  other 
using  a  heterobifunctional  agent.  The  ErbB2  scFv  F5  was  cloned  into  this  expression  system 
and  expressed  from  E.  coli  RV308  with  yields  of  20  mg/L.  The  EGFR  scFv  E12  has  been  cloned 
into  the  same  expression  vector  and  will  be  fermented  from  E.  coli  RV308.  These  2  scFv  will 
then  be  linked  to  each  other  to  create  a  bispecific  scFv  based  antibody  capable  of  binding  EGFR 
and  ErbB2  ECDs.  The  bispecific  antibody  will  then  be  evaluated  for  in  vitro  activity.  This 
approach  will  be  used  to  generate  additional  bispecific  scFv  for  in  vitro  evaluation. 

7.  Key  research  accomplishments 

•  Successful  overexpression  and  purification  of  recombinant  EGFR  extracellular  domain. 

•  Successful  crystallization  of  recombinant  EGFR  extracellular  domain. 

•  Generation  of  a  panel  of  33  single  chain  Fv  antibody  fragments  binding  EGFR  extracellular 
domain. 

•  Development  of  a  method  for  selecting  internalizing  antibodies  to  EGFR  by  selection  of 
phage  libraries  on  CHO  cells  transfected  with  the  EGFR  gene. 

•  Generation  of  3  internalizing  single  chain  Fv  binding  the  EGFR  which  can  be  used  for  drug 
delivery  to  EGFR  overexpressing  tumors. 

8.  Reportable  outcomes 

8.1  Heitner  T,  Moor  A,  Garrison  JL,  Hasan  T,  and  Marks  JD.  Selection  of  cell  binding  and 
internalizing  epidermal  growth  factor  receptor  antibodies  from  a  phage  display  library.  J. 
Immunol.  Meth.  248: 17-30, 2001. 

8.2  Generation  of  a  panel  of  human  EGFR  antibodies. 

8.3  Fimding  successfully  applied  for  based  partially  on  work  supported  by  this  award:  UCSF 
Prostate  Cancer  SPORE:  NCI/NIH 1  P50  CA89520. 

9.  Conclusions 

9.1.  A  high  level  expression  system  was  developed  from  which  the  EGFR  ECD  could  be 
expressed. 

9.2  Despite  adequate  quantities  of  EGFR  ECD,  we  were  unable  to  obtain  diffraction  quality 
crystals,  despite  co-crystallization  with  EGF  or  an  anti-EGFR  scFv. 

9.3  A  large  panel  of  human  EGFR  antibodies  was  generated  by  selection  of  phagemid  and 
phage  antibody  libraries  on  recombinant  EGFR  ECD. 

9.4  It  is  possible  to  directly  select  internalizing  EGFR  scFv  antibodies  directly  on  EGFR  cell 
lines  or  CHO  cells  transfected  with  the  EGFR  gene. 

9.5  This  provides  a  route  to  generating  iutemalizing  antibodies  to  known  cell  surface  receptors 
by  transfecting  the  gene  into  an  appropriate  mammalian  expression  host.  This  provides  a 
means  of  generating  antibodies  without  the  need  for  expressing  and  purifying  protein. 

9.6.  Such  antibodies  are  efficiently  endocytosed  as  phage  antibodies  or  as  native  scFv  and  can 
be  used  to  deliver  cytotoxic  agents  to  the  cytosol  of  tumor  cells. 

9.7  We  are  currently  evaluating  the  anti-tumor  potential  of  such  antibodies  by  generating  ILs 
from  the  E12  EGFR  scFv 

10.  List  of  personnel  receiving  support: 

Ruby  Casareno  Ph.D.,  Tara  Heitner,  Ph.D.,  Cara  Marks  Ph.D,  Jennifer  Pickering,  Kaichi  Sung,  Puresh 
Maharaj,  Ed  Pickering,  Kitty  Sum 
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Abstract 

The  first  step  in  developing  a  targeted  cancer  therapeutic  is  generating  a  ligand  that  binds  to  a  receptor  which  is  either 
tumor  specific  or  sufficiently  overexpressed  in  tumors  to  provide  targeting  specificity.  For  this  work,  we  generated  human 
monoclonal  antibodies  to  the  EGF  receptor  (EGFR),  an  antigen  overexpressed  on  many  solid  tumors.  Single  chain  Fv  (scFv) 
antibody  fragments  were  directly  selected  by  panning  a  phage  display  library  on  tumor  cells  (A431)  overexpressing  EGFR  or 
Chinese  hamster  ovary  cells  (CHO/EGFR  cells)  transfected  with  the  EGFR  gene  and  recovering  endocytosed  phage  from 
within  the  cell.  Three  unique  scFvs  were  isolated,  two  from  selections  on  A431  cells  and  two  from  selections  on 
CHO/EGFR  cells.  All  three  scFv  bound  native  receptor  as  expressed  on  a  panel  of  tumor  cells  and  did  not  bind  EGFR 
negative  cells.  Phage  antibodies  and  multivalent  immunoliposomes  constructed  from  scFv  were  endocytosed  by  EGFR 
expressing  cells  as  shown  by  confocal  microscopy.  Native  scFv  primarily  stained  the  cell  surface,  with  less  staining 
intracellularly.  The  results  demonstrate  how  phage  antibodies  binding  native  cell  surface  receptors  can  be  directly  selected  on 
overexpressing  cell  lines  or  transfected  cells.  Use  of  a  transfected  cell  line  allows  selection  of  antibodies  to  native  receptors 
without  the  need  for  protein  expression  and  purification,  significantly  speeding  the  generation  of  targeting  antibodies  to 
genomic  sequences.  Depending  upon  the  format  used,  the  antibodies  can  be  used  to  deliver  molecules  to  the  cell  surface  or 
intracellularly.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Receptor  mediated  endocytosis;  Epidermal  growth  factor  receptor;  Phage  antibody  library;  Single  chain  Fv;  scFv;  Tumor 
targeting 


1.  Introduction 

Traditional  cancer  therapies  have  relied  on  the 
differential  toxicity  of  chemotheraputic  agents  on 
tumor  cells  compared  to  normal  cells.  Recently, 
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improved  understanding  of  the  molecular  basis  of 
cancer  makes  possible  the  development  of  therapies 
with  increased  efficacy  and  reduced  toxicity.  Studies 
of  tumorigenesis  have  identified  cell  surface  recep¬ 
tors  which  are  either  tumor  or  lineage  specific,  such 
as  CD20  (Einfeld  et  al.,  1988)  and  mutant  forms  of 
epidermal  growth  factor  receptor  (EGFR)  (Garcia  de 
Palazzo  et  al.,  1993)  or  receptors  which  are  over- 
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expressed  in  tumors,  such  as  ErbB2  (Slamon  et  al., 
1989).  Such  receptors  can  be  targeted  with  anti¬ 
bodies  to  allow  specific  drug  interaction  with  only 
the  tumor  cell.  In  some  instances,  binding  of 
“naked”  antibody  to  the  tumor  cell  can  cause  growth 
inhibition  (Carter  et  al.,  1992)  or  apoptosis  (Ghetie 
et  al.,  1997;  Taji  et  al.,  1998).  Alternatively,  the 
antibody  can  be  used  to  deliver  a  “toxic  payload”  to 
the  cell.  Toxic  mechanisms  include  activation  of  the 
immune  system,  e.g.,  with  bispecific  antibodies, 
fusions  to  co-stimulatory  molecules,  or  fusion  with  a 
toxic  payload  including  radioisotopes,  chemothera- 
peutics,  toxins,  or  genes.  For  some  strategies,  it  is 
necessary  for  the  antibody  to  remain  on  the  cell 
surface  (e.g.,  bispecific  therapies).  For  other  ap¬ 
proaches,  it  is  necessary  that  the  antibody  deliver  its 
payload  into  the  cytosol  (e.g.,  immunotoxins  and 
gene  therapy).  In  both  cases,  antibody  recognition  of 
the  native  receptor  as  expressed  on  the  cell  surface  is 
required. 

Phage  antibody  libraries  have  become  an  impor¬ 
tant  source  for  the  development  of  completely  human 
therapeutic  antibodies  (Marks  and  Marks,  1996; 
Marks  et  al.,  1991)  to  a  wide  range  of  antigens 
including  tumor  growth  factor  receptors  (Schier  et 
al.,  1995).  Antibodies  generated  from  phage  libraries 
have  typically  been  selected  using  purified  antigens 
or  peptides  immobilized  on  artificial  surfaces.  This 
approach  may  select  antibodies  that  do  not  recognize 
the  native  protein  in  a  physiologic  context,  as  on  the 
surface  of  cells.  Attempts  have  been  made  to  select 
on  antigen  in  native  conformation  using  cell  lysates 
(Parren  et  al.,  1996;  Sanna  et  al.,  1995;  Sawyer  et  al., 
1997)  fixed  cells  (Van  Ewijk  et  al.,  1997)  or  living 
cells  (Andersen  et  al.,  1996;  Cai  and  Garen,  1995;  de 
Kruif  et  al.,  1995;  Marks  et  al.,  1993;  Siegel  et  al., 
1997).  The  few  successful  selections  performed  on 
such  heterogeneous  material  were  generally  done 
using  small  libraries  from  immunized  sources.  The 
use  of  immunized  libraries  limits  the  spectrum  of 
antigen  specificities  that  can  be  potentially  obtained 
from  the  same  library  and  typically  yields  murine 
antibodies.  Selection  of  binders  from  large  naive 
libraries  by  cell  panning  is  greatly  limited  by  high 
background  binding  of  non-specific  phage  and  rela¬ 
tively  low  binding  of  specific  phage  (Pereira  et  al., 
1997;  Watters  et  al.,  1997;  Becerril  et  al.,  1999). 

Using  a  model  system  and  an  ErbB2  phage 


c 
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antibody  we  recently  demonstrated  that  phage  anti¬ 
bodies  binding  internalizing  surface  receptors  can  be 
endocytosed  by  mammalian  cells  and  recovered  in 
infectious  form  from  within  the  cell  (Becerril  et  al, 

1999).  Enrichment  of  ErbB2  phage  over  non-specific 
phage  was  10-30  times  higher  when  phage  were 
recovered  from  within  the  cell  compared  to  recovery 
from  the  cell  surface,  suggesting  that  cell  selection 
specificity  could  be  increased  by  recovering  internal¬ 
ized  phage.  We  confirmed  this  by  applying  this 
methodology  to  generate  a  panel  of  anti-tumor 
antibodies  which  were  endocytosed  into  the  breast 
tumor  cell  line  SKBR3  as  well  as  other  tumor  cells 
(Poul  et  al.,  2000).  Two  of  the  specificities  isolated 
included  ErbB2  and  transferrin  receptor  antibodies. 

For  this  work,  we  applied  the  methodology  to 
generate  EGFR  antibodies  which  recognized  the 
native  receptor  on  cells  and  could  be  used  for  tumor 
targeting.  EGFR  is  overexpressed  in  many  car¬ 
cinomas  (Baselga  and  Mendelsohn,  1994; 
Chrysogelos  and  Dickson,  1994;  De  Jong  et  al,, 

1998;  Harris,  1994;  LeMaistre  et  al.,  1994)  and  can 
be  exploited  to  differentiate  and  target  cancer  cells 
from  normal  cells.  For  selections,  two  cell  lines  were 
used  as  the  source  of  antigen:  a  transfected  Chinese 
hamster  ovary  cell  (CHO/EGFR)  and  EGFR-over- 
expressing  cancer  cell  line  A431.  The  results  indicate 
the  generality  of  the  approach  and  its  usefulness  in 
generating  antibodies  to  known  receptors  in  the 
absence  of  purified  recombinant  protein. 

2.  Materials  and  methods 

2.1.  Cell  culture 

CHO  cells  stably  transfected  with  EGFR  full 
length  receptor  (Morrison  et  al.,  1993)  (CHO/ 

EGFR)  were  grown  in  F12  selective  media  (G418,  * 

Mediatech,  0.8  g/1)  supplemented  with  10%  fetal  i 
calf  serum  (FCS).  The  parent  cell  line  (CHO)  was 
grown  in  non-selective  FI 2  complete  media  sup¬ 
plemented  with  10%  FCS.  A431  cells  were  grown  in 
DMEM  supplemented  with  10%  FCS.  MDA-MB- 
453  and  MDA-MB-468  cells  were  grown  in 
Leibovitz  media  supplemented  with  10%  FCS  in  the 
absence  of  CO2.  All  other  cell  lines  were  grown  at 
37°C  in  the  presence  of  5%  CO 2. 
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2.2.  Phage  antibody  selections 

2.2.1.  Selections  on  CHOIEGFR  cell  monolayer 
CHO/EGFR  cells  grown  on  a  10-cm  plate  at 

80-90%  confluence  were  incubated  with  1  ml  of 
phage  antibody  library  (5X10^^  cfu/ml)  (Sheets  et 
al.,  1998)  in  the  presence  of  2X10^  CHO  cells  in 
complete  media  (3  ml)  for  1.5  h  at  4°C.  CHO  cells 
were  used  to  deplete  the  library  of  non-specific 
clones.  The  supernatant  was  aspirated  and  cells  were 
washed  six  times  in  cold  complete  media  for  10  min 
per  wash.  Receptor  internalization  was  induced  by 
addition  of  pre- warmed  (37°C)  complete  media  and 
incubation  at  37°C,  5%  CO 2  for  15  min.  This  time 
period  has  been  shown  to  be  appropriate  for  the 
observation  of  EGFR  internalization  (Vieira  et  al., 
1996).  After  internalization,  non-intemalized  cell- 
membrane  bound  phage  were  eluted  by  washing  cells 
on  the  plate  with  cold  glycine  buffer  (50  mM 
glycine,  150  mM  NaCl,  200  mM  urea,  2  mg /ml 
polyvinylpyrrolydone,  pH  2.8)  three  times  for  10 
min  per  wash  at  4°C.  Immobilized  cells  were  washed 
1 X  in  complete  media.  The  internalized  phage  were 
recovered  by  removing  cells  in  trypsin  and  washing 
in  complete  media.  Cells  were  pelleted  by  centrifu¬ 
gation  at  1000  rpm,  lysed  in  0.5  ml  100  mM 
triethylamine  (TEA)  for  10  min  and  neutralized  in  1 
ml  1  M  Tris,  pH  7. 

2.2.2.  Selections  on  A431  cells  in  suspension 
A431  cells  growing  on  a  15-cm  culture  dish  (90% 

confluence)  were  removed  in  2  mM  EDTA-phos- 
phate-buffered  saline  (PBS)  and  washed  twice  in 
cold  PBS  (25  ml).  To  deplete  the  library  of  non¬ 
specific  phage,  5X10^  fibroblast  cells  (ATCC, 
CRL1634)  were  incubated  with  1  ml  of  phage 
antibody  library  in  3  ml  complete  media  (DMEM- 
10%  ECS)  for  1  h  rocking  at  4°C.  Fibroblast  cells 
were  pelleted  by  centrifugation  at  1000  rpm  and  the 
supernatant  was  recovered.  A431  cells  were  incu¬ 
bated  in  a  15-ml  culture  tube  with  the  depleted  phage 
antibody  library  (supernatant  from  the  previous  step) 
for  1.5  h  rocking  at  4°C.  Cells  were  subsequently 
washed  10  times  in  cold  complete  media.  Cells  were 
incubated  for  30  min  at  37°C  in  pre- warmed  com¬ 
plete  media  to  allow  receptor  internalization.  Non- 
intemalized  phage  were  removed  from  the  cell 
surface  by  10  washes  in  cold  PBS  and  a  final  wash  in 


glycine  buffer.  Cells  were  lysed  immediately,  follow¬ 
ing  a  single  glycine  wash,  in  0.5  ml  100  mM  TEA 
and  neutralized  in  1  ml  1  M  Tris,  pH  7. 

2.3.  Phage  rescue,  preparation  and  titration 

Phage  were  titered  by  infection  of  eluted  phage 
into  Escherichia  coli  TGI  (Marks  et  al.,  1991). 
Phage  were  prepared  for  the  next  round  of  selection 
by  infection  of  E.  coli  TGI  with  eluted  phage  and 
rescue  with  VCS-M13  (Stratagene)  helper  phage  as 
previously  described  (Marks  et  al.,  1991).  After 
overnight  growth  at  30°C,  phage  were  purified  and 
concentrated  from  bacterial  supernatant  with  poly¬ 
ethylene  glycol  8000  (PEG8000)  (Marks  et  al., 
1991)  and  resuspended  in  1.5  ml  PBS  for  use  in  the 
next  round  of  selection  or  for  use  in  flow  cytometry. 
For  each  cell  type,  a  total  of  three  rounds  of  selection 
were  performed. 

2.4.  Polyclonal  phage  enzyme-linked 
immunosorbent  assay  (ELISA) 

EGFR-ECD  was  expressed  in  CHO  cells  and 
purified  by  concavalin  A  agarose  (Vector  Laborator¬ 
ies)  affinity  chromatography.  Ninety- six- well  mi¬ 
crotiter  plates  (Falcon,  353912)  were  coated  over¬ 
night  at  4°C  with  10  ixg/ml  of  EGFR-ECD  in  PBS. 
Plates  were  washed  three  times  with  PBS  and  50  |ul1 
of  1.0X10^^  cfu/ml  of  polyclonal  phage  in  PBS 
buffer  (prepared  as  described  in  Section  2.3)  was 
added  to  each  well  and  incubated  for  1  h.  Wells  were 
washed  three  times  with  PBS  containing  0.1% 
Tween  20  (TPBS)  and  three  times  with  PBS.  Bind¬ 
ing  of  phage  antibodies  was  detected  with  peroxi¬ 
dase-conjugated  anti-M13  antibody  (Amersham- 
Pharmacia)  diluted  1:1000  in  PBS  and  ABTS 
(Sigma)  as  substrate. 

2.5.  Evaluation  of  polyclonal  phage  mixtures  by 
flow  cytometry 

Polyclonal  phage  were  screened  for  binding  to 
whole  cells  by  fluorescence  activated  cell  sorting 
(FACS)  analysis.  EGFR  expressing  cell  lines  MDA- 
MB-468  and  CHO/EGFR  were  used  to  identify 
EGFR  binding  antibodies  and  EGFR  negative  cell 
lines  MDA-MB-453  and  CHO  were  used  to  de- 
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termine  specificity.  Cells  were  grown  to  80-90% 
confluence  and  removed  in  2  mM  EDTA-PBS.  Cells 
were  counted  and  washed  once  in  cold  PBS  and 
twice  in  FACS  buffer  [cold  0,5%  bovine  serum 
albumin  (BSA)  (fraction  V,  Sigma)-PBS].  Cells  were 
placed  in  FACS  tubes  (100  000  cells/well)  and 
incubated  with  polyclonal  phage  (50  |jl1/10^^  cfu/ 
ml)  for  an  hour  on  ice.  Cells  were  washed  twice  in 
FACS  buffer  and  incubated  with  a-M  13 -biotin 
(Amersham-Pharmacia,  1:5000  dilution)  for  30  min 
on  ice.  Cells  were  washed  twice  in  FACS  buffer  and 
incubated  with  streptavidin-PE  (Biosource  Interna¬ 
tional,  1:1000  dilution)  for  30  min  on  ice.  Cells  were 
washed  twice  in  FACS  buffer  and  then  analyzed  by 
FACS  on  the  PE  channel.  Fluorescence  was  mea¬ 
sured  in  a  FACSort™  (Beckton  Dickinson)  and  mean 
fluorescence  was  calculated  using  the  Cellquest™ 
software. 


2.6.  Isolation  and  characterization  of  monoclonal 
EGFR  antibodies 

To  facilitate  subsequent  purification  of  soluble 
single  chain  Fv  (scFv),  the  polyclonal  scFv  gene 
population  from  the  third  round  of  selection  was 
subcloned  in  batch  into  the  expression  vector 
pUC119mycHis  (Schier  et  al.,  1995)  resulting  in  the 
addition  of  a  c-myc  epitope  tag  and  hexahistidine  tag 
at  the  C-terminus  of  the  scFv.  Briefly,  phagemid 
DNA  was  prepared  from  the  third  round  of  selection, 
the  scFv  genes  excised  using  the  restriction  enzymes 
Sfil  and  Not\,  and  the  gene  repertoire  gel  purified 
and  ligated  into  pUC119mycHis  digested  with  Sfil 
and  Notl.  After  transformation  of  E.  coli  TGI,  single 
ampicillin  resistant  colonies  were  packed  into  96- 
well  microtiter  plates  and  scFv  expression  induced 
by  the  addition  of  IPTG  as  previously  described 
(Schier  et  al.,  1996).  Bacterial  supernatant  containing 
scFv  was  used  directly  for  ELISA.  For  EGFR-ECD 
ELISA  using  unpurified  scFv,  microtiter  plates  (Fal¬ 
con)  were  coated  with  10  |xg/ml  EGFR-ECD  in  PBS 
overnight  at  4°C.  Plates  were  incubated  with  bacteri¬ 
al  supernatants  at  room  temperature  for  1  h  and  then 
washed  once  in  TPBS  and  twice  in  PBS.  Protein 
binding  was  detected  with  anti-myc  tag  antibody 
9E10  followed  by  incubation  in  secondary  antibody 
anti-mouse-horseradish  peroxidase  (HRP)  (Sigma) 


for  30  min  as  previously  described  (Schier  et  al., 
1996).  Following  a  final  set  of  washes,  binding  was 
detected  with  ABTS  substrate.  For  further  studies  of 
monoclonal  scFv,  expression  from  pUC119  mycHis 
was  scaled  up  into  500-ml  cultures  in  2  L  culture 
flasks.  Cultures  were  grown  and  scFv  expressed  (De 
Beilis  and  Schwartz,  1990)  as  previously  described 
(Schier  et  al,  1996).  scFv  was  harvested  from  the 
bacterial  periplasm  by  osmotic  shock  (Breitling  et 
al.,  1991)  and  purified  by  immobilized  metal  affinity 
chromatography  (Hochuli,  1988)  using  a  Ni-NTA 
column  (Qiagen)  and  gel  filtration,  as  previously 
described  (Schier  et  al.,  1996). 

2. 7.  Covalent  labeling  of  a-EGFR  scFv  with 
fluoroisothiocyanate  (FITC) 

A  1-ml  (1  mg)  volume  of  E12  scFv  was  dialyzed 
against  50  mM  carbonate  buffer,  pH  8.5  overnight. 
Fluoroisothiocyanate  (FITC)  labeling  reagent,  6- 
( fluorescein-5 -[and-6]-carboxamido)hexanoic  acid, 
succinimidyl  ester  [5(6)-SFX,  Molecular  Probes] 
was  dissolved  in  dimethylsulf oxide  (DMSO)  or 
dimethylformide  (DMF)  (5-10  mg/ml)  and  added  to 
the  scFv  at  a  volume:volume  ratio  of  1:20.  The 
reaction  was  conducted  for  1  h  at  room  temperature. 
Free  labeling  reagent  was  separated  from  labeled 
antibody  on  a  S-25  gel  filtration  column  (Sephadex). 
E12  scFv  was  incubated  with  CHO  cells  and  CHO/ 
EGFR  cells  and  no  background  binding  due  to  free 
label  could  be  detected.  No  fluorescence  shift  was 
detected  for  CHO  cells  stained  with  the  labeled 
antibody.  The  fluorescence  shift  detected  on  CHO/ 
EGFR  cells  was  therefore  wholly  attributed  to  the 
antibody-receptor  interaction. 

2.8.  Microscopy 

2.8.1.  Fixed  cell  microscopy 

Confirmation  of  a-EGFR  phage  antibody  internali¬ 
zation  was  obtained  by  confocal  microscopy.  Cells 
were  grown  on  coverslips  in  24-well  plates  and  at 
80%  confluence  were  incubated  with  phage  antibody 
(lO’^  cfu /ml,  in  fresh  complete  media)  for  2  h  at 
37°C.  Plates  were  placed  on  ice  to  halt  receptor 
internalization  and  the  coverslips  washed  10  times  in 
cold  PBS  (1  ml  per  wash).  Cells  were  then  washed 
three  times  for  10  min  in  cold  glycine  buffer,  pH  2.8 
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(50  mM  glycine,  150  mM  NaCl)  to  remove  surface 
bound  antibody.  Cells  were  washed  twice  in  cold 
PBS,  fixed  in  4%  paraformaldehyde  for  10  min  at 
room  temperature  and  then  permeabilized  in  cold 
methanol  for  10  min  at  room  temperature.  Coverslips 
were  incubated  with  a-M  13-biotin  (5 '-3',  1:2000 
dilution  in  0.5%  BSA-PBS)  for  30  min  followed  by 
two  washes  in  complete  media.  Phage  were  detected 
by  incubation  with  streptavidin-PE  (Biosource  Inter¬ 
national,  1:1000  dilution)  for  30  min  while  followed 
by  two  washes  in  complete  media.  Coverslips  were 
mounted  on  microscope  slides  and  2-3  |xl  Vec- 
torshield  (Vector  Laboratories)  was  applied  to  each 
coverslip  to  preserve  fluorescence  upon  irradiation. 

2.8.2.  Live  cells 

scFv-mediated  internalization  of  FITC-labeled 
soluble-native  scFv  (100  |JLg/ml)  or  fluorescent 
immunoliposomes  was  measured  on  live  cells  grown 
on  coverslips.  El 2  scFv  immunoliposomes  were 
constructed  as  previously  described  and  contained  on 
average  25  scFv/ liposome  (Park  et  al.,  1998).  Cells 
were  plated  and  grown  overnight  on  coverslips  to 
80%  confluency.  Cells  were  incubated  with  100  p.g/ 
ml  FITC-labeled  (0.5  ml  volume)  or  unlabeled  scFv 
or  with  10  |xM  immunoliposomes  for  2  h.  Cells  were 
washed  with  PBS,  coverslips  removed  and  mounted 
onto  microscope  slides  for  imaging.  Images  were 
collected  immediately  using  a  Leica  TCS  NT  con- 
focal  laser  fluorescence  microscope  with  digital 
camera  (Leica,  Deerfield,  IL,  USA). 

2.9.  Affinity  measurement  on  whole  cells  by  FACS 

Cells  (A431,  MDA-MB-468,  MDA-MB-453)  were 
grown  to  90%  confluence  in  DMEM  (A431)  and 
Leibovitz  (MDA-MB)  media  supplemented  with 
10%  FCS.  Cells  were  harvested  in  2  mM  EDTA- 
PBS.  scFv  was  incubated  with  2.5X10^  cells  for  an 
hour  at  varying  concentrations  (50  nM-2  jxM).  Cell 
binding  was  performed  on  ice  in  PBS  containing 
0.25%  BSA  in  a  total  volume  of  100  |xl.  After  two 
washes  in  PBS-BSA  (250  |jl1),  cells  were  incubated 
with  saturating  amounts  of  anti-myc  9E10  for  30  min 
followed  by  two  washes  in  PBS-BSA.  Bound  scFv 
was  detected  by  staining  with  saturating  amounts  of 
anti-mouse  FITC,  Fc  specific  (1:200  dilution. 
Sigma).  After  a  30  min  incubation,  cells  were 


washed  twice  and  resuspended  in  PBS  containing  1% 
paraformaldehyde.  Determination  of  the  binding 
affinity  was  determined  using  a  flow  cytometry  based 
assay  as  previously  described  (Benedict  et  al.,  1997). 

3.  Results 

3.1.  Selection  of  EGFR  antibodies 

For  selections,  phage  were  prepared  from  a  7.0 X 
10^  member  human  scFv  phage  antibody  library 
(Sheets  et  al.,  1998).  To  generate  antibodies  binding 
EGFR,  phage  was  selected  on  the  A431  cell  line 
which  overexpresses  EGFR  and  on  CHO  cells 
transfected  with  the  EGFR  gene  (CHO /EGFR).  For 
selections  on  CHO /EGFR  cells,  the  library  was 
depleted  of  antibodies  binding  common  cell  surface 
receptors  by  adding  phage  to  CHO /EGFR  cells 
grown  adherent  to  subconfluency  with  untransfected 
CHO  cells  in  suspension.  After  1  h  at  4°C,  CHO 
cells  were  removed  from  the  culture  flask  and  warm 
media  at  37®C  added  to  allow  internalization  into  the 
target  CHO /EGFR  cells.  For  selections  on  A431 
cells,  which  grow  in  suspension,  the  phage  library 
was  pre-depleted  of  antibodies  binding  common  cell 
surface  receptors  by  incubation  with  fibroblast  cells. 
After  1  h  at  4°C,  the  fibroblast  cells  were  removed 
by  centrifugation  and  the  phage  added  to  A43 1  cells 
in  suspension  at  4°C  to  allow  binding  followed  by 
incubation  at  37°C  to  allow  phage  internalization. 
After  phage  endocytosis,  cells  were  extensively 
washed  and  then  lysed  with  TEA.  The  cell  lysate 
containing  the  internalized  phage  was  used  to  infect 
E.  coli  to  prepare  phage  for  the  next  round  of 
selection.  Three  rounds  of  selection  were  performed 
with  the  efficiency  of  selection  monitored  by  titering 
the  number  of  phage  recovered  from  the  cell  lysate. 
For  selections  on  both  A431  and  CHO /EGFR  cells, 
the  titer  of  phage  recovered  increased  with  each 
round  of  selection,  consistent  with  enrichment  for 
cell  binding  antibodies  (Table  1). 

3.2.  Analysis  of  polyclonal  phage  for  EGFR 
binding  by  ELISA  and  FACS 

To  evaluate  the  success  of  selections,  polyclonal 
phage  was  prepared  after  each  round  of  selection  and 
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Table  1 

Results  of  selection  of  ct-EGFR  scFv  on  whole  cells  in  three  rounds 


Round 

A431 

CHO/EGFR 

Phage  titer 
(cfu) 

Frequency  of  positives 

Phage  titer 
(cfu) 

Frequency  of  positives 

R1 

IXIO'" 

ND 

2X10' 

ND 

R2 

8X10' 

ND 

8X10" 

ND 

R3 

8X10" 

10/94 

5X10" 

4/282 

analyzed  for  binding  to  recombinant  EGFR-ECD  by 
ELISA  (Fig.  1).  A  signal  significantly  greater  than 
background  binding  was  observed  after  three  rounds 
of  selection  on  both  A431  and  CHO/EGFR  ceils 
(Fig.  1).  No  significant  binding  above  background 
was  observed  after  one  or  two  rounds  of  selection  on 
either  cell  type.  Binding  of  polyclonal  phage  from 
the  third  round  of  selection  to  cell  lines  expressing 
different  quantities  of  EGFR  was  studied  further  by 
flow  cytometry.  Phage  selected  on  A431  cells 
showed  a  significantly  greater  fluorescent  shift  on 
CHO/EGFR  cells  than  on  CHO  cells  (Fig.  2  left 
panels)  and  on  the  high  EGFR  expressing  tumor  cell 
line  MDA-MB-468  vs.  the  EGFR  negative  tumor  cell 
line  MDA-MB-453  (Fig.  2  left  panels).  For  phage 
selected  on  CHO/EGFR  cells,  no  significant  differ¬ 
ence  in  fluorescent  shift  was  observed  for  binding  to 


R1 _ R2  R3  R1  R2  R3  non- 


A431  selections  CHO/EGFR  selections 

phage 

Fig.  1.  Binding  of  polyclonal  phage  to  recombinant  EGPT?.  as 
determined  by  ELISA.  Phage  was  prepared  from  the  first,  second 
and  third  round  of  selections  and  analyzed  for  binding  to 
recombinant  EGFR  by  ELISA.  After  the  third  round  of  selection, 
binding  was  observed  for  selections  performed  on  A431  cells  and 
for  selections  performed  on  CHO/EGFR  cells. 


CHO/EGFR  cells  vs.  CHO  cells  (Fig.  2  right 
panels).  The  strong  shift  on  both  cell  lines  indicates 
that  the  majority  of  the  phage  bind  antigens  common 
to  CHO  cells.  Analysis  of  these  phage  for  binding  to 
high  EGFR  expressing  MDA-MB-468  cells  com¬ 
pared  to  EGFR  negative  MDA-MB-453  cells  indi¬ 
cates,  however,  the  presence  of  a  relatively  small 
number  of  phage  binding  EGFR  (Fig.  2,  right 
panels). 

3.3.  Isolation  and  characterization  of  monoclonal 
EGFR  antibodies 

Based  on  the  ELISA  and  flow  cytometry  data 
indicating  the  presence  of  EGFR  phage  antibodies, 
individual  clones  were  picked  into  96-well  microtiter 
plates  and  expression  of  native  soluble  scFv  induced. 
Bacterial  culture  supernatants  containing  scFv  were 
analyzed  by  ELISA  for  their  ability  to  bind  recombi¬ 
nant  EGFR-ECD.  For  the  third  round  of  selection  on 
A431  cells,  10/94  clones  (11%)  bound  EGFR-ECD, 
while  for  the  third  round  of  selection  on  CHO/EGFR 
cells,  4/282  (1%)  clones  bound  EGFR-ECD  (Table 
1 ).  The  relative  proportions  of  binders  is  consistent 
with  the  ELISA  and  flow  cytometry  analysis  of  the 
polyclonal  phage.  To  determine  the  number  of 
unique  antibodies,  the  scFv  gene  of  all  EGFR-ECD 
binding  clones  was  analyzed  by  BstNl  fingerprinting 
followed  by  DNA  sequencing.  Two  unique  EGFR 
antibodies  (El 2  and  Bll)  were  isolated  from  selec¬ 
tions  on  A431  cells.  For  selections  on  CHO/EGFR 
cells,  the  Bll  scFv  was  re-isolated  along  with 
another  unique  scFv  (CIO). 

To  determine  whether  the  monoclonal  antibodies 
bound  native  EGFR  as  expressed  on  cells,  phage  and 
native  scFv  were  prepared  from  each  of  the  three 
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Fig.  2.  Binding  of  polyclonal  phage  to  EGFR  expressing  cells.  Phage  was  prepared  from  the  third  round  of  selections  performed  on  A431 
cells  and  CHO/EGFR  cells,  and  binding  to  a  panel  of  cells  was  analyzed  by  flow  cytometry.  For  selections  performed  on  A431  cells  (left 
panels),  phage  stained  EGFR  expressing  cells  (CHO/EGFR  and  MDA-MB-468  cells)  more  strongly  than  EGFR  negative  cells  (CHO  and 
MDA-MB-453  cells).  For  selections  performed  on  CHO/EGFR  cells  (right  panels),  no  difference  in  staining  was  observed  between 
CHO/EGFR  cells  and  CHO  cells,  however  EGFR  expressing  cells  stained  more  intensely  than  EGFR  negative  cells.  This  result  suggests 
that  many  antibodies  were  selected  that  bind  antigens  common  to  CHO  cells  with  a  minority  of  antibodies  binding  EGFR. 


unique  scFvs  and  used  to  stain  cells  which  were 
analyzed  by  flow  cytometry.  Each  of  the  monoclonal 
antibodies  stained  EGFR  expressing  eells  (A431, 
MDA-MB-468  and  CHO/EGFR)  but  not  EGFR 
negative  cells  (MDA-MB-453  and  CHO)  both  as 
phage  antibodies  (Fig.  3)  and  as  native  scFv  (Fig.  4). 
The  binding  constant  for  EGFR  of  each  of  the  native 
scFvs  was  determined  on  A431  cells  and  on  MDA- 


MB-468  cells  (for  the  E12  scFv).  The  values 
ranged  between  217  and  300  nM  (Table  2). 

3.4.  Cell  binding  and  internalization  of  phage 
antibodies  and  scFv 

Since  the  phage  antibodies  were  selected  on  the 
basis  of  internalization,  we  examined  the  ability  of 
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Fig.  3.  Binding  of  monoclonal  phage  to  EGFR  positive  and  negative  cell  lines.  Phage  antibodies  (E12,  CIO  and  Bll)  were  analyzed  for  the 
ability  to  bind  EGFR  positive  (A431,  MDA-MB-468  and  CHO/EGFR)  and  EGFR  negative  (MDA-MB-453  and  CHO)  cell  lines  by  flow 
cytometry.  All  three  antibodies  stained  EGFR  expressing  cells  and  did  not  stain  EGFR  negative  cells. 
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Fig.  4.  Binding  of  monoclonal  scFv  to  EGFR  positive  and  negative  cell  lines.  Purified  scFvs  (El 2,  CIO,  and  Bll)  were  analyzed  for  the 
ability  to  bind  EGFR  positive  (A431,  MDA-MB-468  and  CHO/EGFR)  and  EGFR  negative  (MDA-MB-453  and  CHO)  cell  lines  by  flow 
cytometry.  All  three  antibodies  stained  EGFR  expressing  cells  and  did  not  stain  EGFR  negative  cells. 
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Table  2 


Binding  affinity  of  a 

-EGFR  scFv 

scFv 

(nM) 

A431 

MDA-MB-468 

E12 

300 

265 

CIO 

217 

- 

Bll 

280 

- 

the  phage  antibodies  to  be  endocytosed  by  EGFR 
expressing  cells.  After  incubation  of  EGFR  express¬ 
ing  and  EGFR  negative  cells  with  phage  antibodies, 
cells  were  fixed,  surface  phage  removed  with  low-pH 
glycine  and  intracellular  phage  detected  with  anti- 
MIS  antibody  and  confocal  microscopy.  Intracellular 
phage  were  detected  in  EGFR  expressing  cells  (e.g., 
A431,  MDA-MB-468  and  CHO/EGFR)  but  not  in 
EGFR  negative  cells  (MDA-MB-453  and  CHO). 
Representative  results  are  shown  for  the  El 2  scFv  on 
CHO/EGFR  and  CHO  cells  (Fig.  5)  and  on  the 
tumor  cell  lines  MDA-MB-468  and  MDA-MB-453 
(Fig.  6).  To  determine  if  native  scFv  were  endo¬ 
cytosed  by  EGFR  expressing  cells,  scFv  were  direct¬ 
ly  FITC  labeled  and  incubated  with  live  cells.  After 
incubation,  cells  were  analyzed  directly  by  confocal 
microscopy  allowing  observation  of  surface  bound 
and  intracellular  scFv.  Staining  of  EGFR  expressing 
cells  was  observed  (e.g.,  A431,  MDA-MB-468  and 
CHO/EGFR)  but  no  staining  was  seen  for  EGFR 
negative  cells  (MDA-MB-453  and  CHO).  Much  of 
the  scFv  remained  surface  bound,  with  some  in¬ 
tracellular  staining  observed  (Figs.  5  and  6  for 
representative  results  with  El 2  scFv).  To  determine 
the  ability  of  the  scFv  to  deliver  a  drug  to  EGFR 
expressing  cells,  immunoliposomes  were  constructed 
by  fusing  El 2  scFv  to  the  surface  of  HPTS  con¬ 
taining  liposomes.  Strong  intracellular  fluorescence 
was  observed  for  EGFR  expressing  cells,  with  no 
fluorescence  observed  for  EGFR  negative  cells. 


4.  Discussion 

The  first  step  in  developing  a  targeted  cancer 
therapeutic  is  generating  a  ligand  that  specifically 
binds  to  a  receptor  which  is  either  tumor  specific  or 
sufficiently  overexpressed  in  tumors  to  provide 
targeting  specificity.  Antibodies  have  proved  to  be 


important  targeting  ligands  for  cell  surface  receptors, 
especially  with  recent  engineering  techniques  to 
generate  antibodies  which  are  entirely  human  in 
sequence.  Libraries  of  antibodies  displayed  on  phage 
can  rapidly  generate  panels  of  human  antibodies  to  a 
target  antigen  without  the  need  for  immunization 
(Marks  et  al.,  1991;  Sheets  et  ah,  1998).  To  generate 
antibodies  which  bind  native  cell  surface  receptors, 
we  recently  demonstrated  that  phage  could  be  direct¬ 
ly  selected  on  tumor  cell  lines  by  recovering  endo¬ 
cytosed  phage  from  within  the  target  cell  (Foul  et  al., 
2000).  Compared  to  simply  recovering  phage  from 
the  cell  surface,  intracellular  phage  recovery  in¬ 
creases  specific  enrichment  of  antigen  binding  anti¬ 
bodies  more  than  10-  to  30-fold  (Becerril  et  al., 
1999).  High  enrichment  ratios  are  essential  for 
successful  selection  of  antibodies  on  heterogeneous 
antigens  such  as  the  surface  of  cells.  In  our  previous 
publication,  more  than  10  unique  tumor  specific 
antibodies  were  generated,  two  of  which  were  de¬ 
termined  to  bind  ErbB2  and  the  transferrin  receptor 
(Foul  et  al.,  2000). 

For  this  work,  we  demonstrate  that  this  approach 
can  be  used  to  generate  human  scFv  antibodies  to  a 
known  tumor  antigen  (EGFR).  EGFR  is  a  170-kDa 
transmembrane  glycoprotein  overexpressed  in  a 
number  of  human  cancers.  Ligand  binding  induces 
receptor  dimerization  which  results  in  autophos¬ 
phorylation  of  the  kinase  domain  (Odaka  et  al., 
1997;  Tzahar  et  al.,  1997).  Receptor  internalization 
occurs  following  dimerization  and  is  believed  to  be  a 
mechanism  of  receptor  signal  downregulation.  EGFR 
antibodies  were  generated  both  by  selecting  on  an 
overexpressing  cell  line  or  by  using  a  cell  line 
transfected  with  the  target  gene.  The  transfected 
human  EGFR  has  been  shown  to  function  normally 
in  its  foreign  environment:  stimulation  with  EGF 
leads  to  receptor  phosphorylation  and  receptor  inter¬ 
nalization  follows  activation.  Selection  on  the  EGFR 
transfected  cell  line  permits  use  of  the  untransfected 
parental  cell  line  to  deplete  the  library  of  phage 
binding  irrelevant  receptors,  enhancing  enrichment 
ratios.  The  two  cell  lines  should  differ  only  in  the 
presence  of  the  target  receptor.  The  availability  of 
the  untransfected  cell  line  also  provides  an  ideal 
reagent  for  the  screening  and  characterization  of 
antigen  specific  clones  following  selection.  The 
ability  to  select  on  a  transfected  cell  also  eliminates 
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Fig.  5.  Binding  and  internalization  of  the  E12  phage  antibody,  scFv  and  iininunoliposomes  into  CHO/EGFR  and  CHO  cells.  The  El 2  phage 
antibody  was  detected  with  a-M  13-biotin  followed  by  streptavidin-phycoerythrin.  The  El 2  scFv  was  directly  labeled  with  FITC  and 
imnuinoliposomes  containing  the  fluorescent  dye  HPTS  constructed.  Binding  and  internalization  into  CHO/EGFR  and  CHO  cells  of  the 
phage  antibodies,  scFv  and  immunoliposomes  was  analyzed  by  confocal  microscopy  on  either  fixed  cells  after  stripping  the  cell  surface  of 
antibody  (for  phage  antibodies)  or  on  live  cells  with  no  stripping  of  the  cell  surface  (for  scFv  and  imnuinoliposomes).  Phage  antibodies, 
scFv.  and  immunoliposomes  showed  intracellular  staining.  Where  the  antibody  was  not  removed  from  the  cell  surface  (scFv  and 
immunoliposomes)  surface  staining  was  also  observed. 
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Fig.  6.  Binding  and  internalization  of  the  E12  phage  antibody,  scFv  and  immunoliposomes  into  EGFR  expressing  MDA-MB-468  and  EGFR 
negative  MDA-MB-453  cells.  The  El 2  phage  antibody  was  detected  with  ct-M  13-biotin  followed  by  streptavidin-phycoerythrin.  The  E12 
scFv  was  directly  labeled  with  FITC  and  immunoliposomes  containing  the  fluorescent  dye  FIPTS  constructed.  Binding  and  internalization 
into  EGFR  expressing  MDA-MB-468  and  EGFR  negative  MDA-MB-453  cells  of  the  phage  antibodies,  scFv  and  immunoliposomes  was 
analyzed  by  confocal  microscopy  on  either  fixed  cells  after  stripping  the  cell  surface  of  antibody  (for  phage  antibodies)  or  on  live  cells  with 
no  stripping  of  the  cell  surface  (for  scFv  and  immunoliposomes).  Phage  antibodies,  scFv  and  immunoliposomes  showed  intracellular 
staining.  Where  the  antibody  was  not  removed  from  the  cell  surface  (scFv  and  immunoliposomes)  surface  staining  was  also  observed. 
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the  need  to  express  and  purify  the  target  antigen  in 
order  to  select  antibodies.  This  could  significantly 
speed  development  of  antibodies  to  genes  discovered 
as  part  of  genomic  sequences. 

Selection  on  EGFR  overexpressing  A431  cells 
resulted  in  more  efficient  selection  of  EGFR  anti¬ 
bodies  than  selection  on  CHO/EGFR  cells  (a  higher 
percentage  of  antigen  binding  clones,  although  both 
selections  yielded  two  unique  antibodies).  This 
occurred  despite  depletion  of  non-EGFR  binding 
phage  using  the  parental  CHO  cell  line.  In  fact,  the 
depletion  was  found  to  have  been  insufficient  as 
FACS  analysis  showed  that  polyclonal  phage  bound 
both  CHO/EGFR  cells  and  CHO  cells.  The  differ¬ 
ence  in  efficiency  between  the  two  selections  could 
potentially  be  attributed  to  a  greater  cell  surface 
receptor  density  on  A431  cells  than  on  CHO/EGFR 
cells.  Although  not  quantified,  a  Western  blot  of  the 
cell  lysates  demonstrated  a  greater  signal  for  A431 
cells  as  compared  to  CHO/EGFR  cells.  Interestingly, 
one  antibody  was  common  to  both  selections  (A431 
or  CHO/EGFR),  whereas  each  of  the  remaining  two 
antibodies  were  only  selected  on  one  of  the  cell  types 
(A431  or  CHO/EGFR).  This  result  suggests  that 
selection  on  multiple  cell  types  may  yield  a  greater 
number  of  antibodies. 

The  phage  antibodies  generated  in  this  and  previ¬ 
ous  work  (Poul  et  al.,  2000)  were  internalized  by 
cells  as  determined  by  immunofluorescence  and 
confocal  microscopy.  In  both  reports,  the  phage 
antibodies  were  selected  from  libraries  where  mono¬ 
meric  scFv  were  displayed  as  single  copies  in  a 
phagemid  system.  In  fact,  all  large  non-immune 
libraries  display  monovalent  antibody  fragments 
(either  scFv  or  Fab)  as  single  copies  using  a 
phagemid  vector.  Since  antibodies  typically  need  to 
be  bivalent  to  crosslink  receptors  and  trigger  endo- 
cytosis  (Heldin,  1995;  Yarden,  1990),  successful 
selection  of  internalizing  antibodies  from  phagemid 
libraries  would  require  that:  (1)  the  scFv  formed 
spontaneous  scFv  dimers  (diabodies)  on  the  phage 
surface,  as  has  been  reported  for  some  scFvs;  (2)  the 
monovalent  scFv  mimicked  the  natural  receptor 
ligand  leading  to  receptor  aggregation  and  endo- 
cytosis  or  (3)  increased  phage  display  levels  led  to 
greater  than  one  scFv  per  phage.  In  our  previous 
work,  the  two  scFvs  studied  extensively  (anti-ErbB2 
and  anti -transferrin  receptor)  were  stable  scFv  mono¬ 


mers  in  solution  and  were  significantly  endocytosed 
into  cells  as  monomeric  scFv.  In  the  case  of  the 
transferrin  receptor  antibody,  the  scFv  was  a  ligand 
mimetic  and  could  compete  with  the  natural  ligand 
transferrin  for  binding  to  the  receptor.  In  the  case  of 
the  ErbB2  scFv,  the  mechanism  by  which  it  was 
endocytosed  as  a  monomer  is  unknown.  In  the 
present  work,  the  El  2  scFv  shows  evidence  of 
spontaneous  dimerization  (diabody  formation)  by  gel 
filtration  which  could  explain  how  it  could  crosslink 
receptors  and  trigger  endocytosis.  Interestingly,  the 
purified  scFv  monomer  (separated  from  dimer) 
shows  significantly  more  surface  membrane  staining 
than  intracellular  staining  (Figs.  5  and  6),  especially 
compared  to  the  multimeric  immunoliposomes  or  to 
phage  (which  could  be  displaying  dimeric  scFv).  In 
the  case  of  the  other  two  EGFR  scFvs  (which  form 
stable  monomers)  the  mechanism  of  endocytosis  is 
unclear.  We  did  not  study  whether  the  EGFR  anti¬ 
bodies  were  ligand  mimetics. 

The  approach  described  would  be  limited  to  those 
receptors  capable  of  undergoing  endocytosis.  While 
this  eliminates  some  useful  cell  surface  targets, 
ligand  binding  and  receptor  internalization  is  a 
common  mechanism  for  receptor  and  signaling  regu¬ 
lation.  Since  most  antibodies  need  to  be  bivalent  to 
crosslink  receptors  and  be  efficiently  endocytosed, 
one  mechanism  to  increase  the  applicability  of  this 
selection  methodology  would  be  to  construct  bivalent 
diabody  libraries  in  a  phagemid  vector  or  scFv 
libraries  in  a  multivalent  phage  vector.  This  should 
open  up  the  selection  approach  to  more  epitopes  on 
more  target  antigens.  Our  model  system  results 
indicate  that  the  most  efficient  selection  format 
would  be  display  on  phage  (Becerril  et  al,  1999),  an 
approach  which  is  presently  under  investigation. 

The  therapeutic  utility  of  scFvs  generated  by  this 
approach  depends  on  the  specific  molecules  to  be 
targeted  by  the  antibodies  and  the  properties  of  the 
antibody.  For  many  therapeutic  approaches  (im- 
munotoxins,  immunoliposomes,  gene  therapy)  in¬ 
tracellular  delivery  of  the  toxic  molecule  is  essential. 
Other  approaches,  for  example  bispecific  antibodies 
or  enzyme  activated  prodrugs,  require  that  the  anti¬ 
body  and  effector  molecule  remain  on  the  cell 
surface.  Based  on  the  present  results  (and  our  prior 
publication),  the  selection  strategy  described  gener¬ 
ates  two  types  of  scFv:  those  that  are  endocytosed  in 
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their  monomeric  form  (probably  the  majority  of 
scFvs)  and  those  that  remain  on  the  cell  surface  as 
monomers  but  are  endocytosed  when  dimeric  or 
multimeric.  scFvs  which  are  endocytosed  as  mono¬ 
mers  could  only  be  used  for  targeting  effector 
molecules  that  are  active  intracellularly.  scFvs  which 
are  primarily  endocytosed  as  dimers  could  be  used  to 
leave  effector  molecules  on  the  cell  surface  (when 
used  as  monomeric  antibody  fragments)  or  to  deliver 
drugs  intracellularly  (when  used  as  bivalent 
diabodies  or  IgG  or  when  targeting  multivalent 
nanoparticles). 

In  conclusion,  we  report  the  successful  selection 
of  EGFR  antibodies  from  a  phage  library  by  selec¬ 
tion  for  internalization  into  overexpressing  cells  or 
transfected  cells.  The  scFvs  are  specific  for  EGFR 
expressing  cells  and  can  be  used  to  target  nanoparti¬ 
cles  for  intracellular  drug  delivery.  Use  of  a  trans¬ 
fected  cell  line  allows  selection  of  antibodies  to 
native  receptors  without  the  need  for  protein  expres¬ 
sion  and  purification,  significantly  speeding  the 
generation  of  targeting  antibodies  to  genomic  se¬ 
quences. 
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